[1] We present case studies of THEMIS multipoint observations of ion distributions in the magnetotail plasma sheet at various locations upstream of earthward-propagating dipolarization fronts. Observations made near the neutral sheet show a characteristic signature, enhancements of earthward-moving ion fluxes about 30 s before dipolarization front arrival. In previous studies, this signature has been well explained as front-reflected ions confined to a region characterized by their gyroradii over the background B z field that coexist with the ambient population. However, at higher latitudes near the plasma sheet boundary layer, observations suggest that earthward-moving ions appear a few minutes earlier than at the central plasma sheet, indicating that the ions reflected at the same dipolarization front could access farther toward the Earth at higher latitudes. These observed phenomena, as also stated in our companion paper, are associated with transient intensifications of proton auroral brightness, which suggests a direct connection between magnetospheric and ionospheric signatures during geomagnetic disturbed conditions. We carry out numerical simulations and theoretical analysis of ion dynamics to interpret and reproduce these observations, to improve our understanding of interactions between earthward-propagating fronts and the ambient plasma in the near-Earth magnetotail, and to establish the proton auroral effects of dipolarization fronts.
Introduction
[2] Dipolarization fronts (DFs), earthward-propagating structures with step-like enhancements of the northward magnetic field B z in the magnetotail plasma sheet [e.g., Nakamura et al., 2002; Runov et al., 2009; Sergeev et al., 2009; Hwang et al., 2011] , have often been observed near the leading edge of bursty bulk flows (BBFs) [Angelopoulos et al., 1994] . Interpreted as vertical thin current sheets embedded within the horizontal tail current sheet, dipolarization fronts have been suggested to be boundaries separating hot, tenuous BBF plasma from the ambient colder, denser plasma sheet population Runov et al., 2011a; Zhang et al., 2011] .
[3] According to superposed epoch analyses of Geotail [Ohtani et al., 2004] and THEMIS [Runov et al., 2011a] dipolarization front observations, sharp B z enhancements are typically preceded by a minor B z dip and succeeded by a gradual B z reduction. These fronts have been traditionally interpreted either as BBF-type flux ropes [Slavin et al., 2003] or as nightside flux transfer events (NFTEs) [Sergeev et al., 1992] . Recently it has been suggested that DF signatures could be well reproduced by impulsive magnetic reconnection in kinetic simulations . After their generation, dipolarization fronts have been observed [Runov et al., , 2011b and simulated [Ge et al., 2011; Birn et al., 2011 ] to propagate earthward coherently over a macroscopic distance of 10 R E in a few minutes. Therefore, it is important to investigate the impact of these earthwardpropagating structures on the near-Earth space.
[4] Li et al. [2011] proposed that a dipolarized flux tube could compress the ambient plasma, building up pressure gradient forces ahead of the front [Xing et al., 2012] and establishing a plasma flow field surrounding the flux tube.
recoil force on DF-associated flow bursts that explains the observed overshoot and rebound of bursty bulk flows [Panov et al., 2010] .
[5] In the kinetic framework, the MHD picture of plasma compression could be understood as upstream ambient particles encountering the approaching front and being accelerated at it and reflected earthward [Shabansky, 1971; Zhou et al., 2010; Wu and Shay, 2012] . The accelerated and reflected ions could be observed in the upstream central plasma sheet (CPS) as an additional population with earthward velocities superimposed over the ambient plasma. These ions, however, are not expected to appear beyond their gyroradii over background B z in the upstream CPS. Statistical studies of THEMIS observations have further suggested that the size of the reflected ion accessibility region (their gyroradii over background B z ) would determine the duration of earthward precursor flows ahead of the front , typically a few tens of seconds [Runov et al., 2011a] .
[6] It should be noted that the aforementioned studies focus only on observations in the CPS, not those farther away from the neutral sheet. In this paper, we examine various ion distribution patterns at different locations upstream of earthward-propagating dipolarization fronts using THEMIS multipoint observations [Angelopoulos, 2008] of two DF events in March 2009. The standard picture, i.e., the appearance of an earthward-moving ion population superimposed on ambient plasma $30 s before DF arrival, was observed at the CPS in both events. THEMIS probes located at higher latitudes near the plasma sheet boundary layer (PSBL), on the other hand, consistently observed accelerated earthward-moving ions a few minutes earlier.
[7] Given the dominance of the magnetic field B x component near the PSBL, the presence of accelerated ions moving earthward upstream of the front suggests that many of these ions could stream along field lines and eventually precipitate in the ionosphere, resulting in transient intensifications of proton auroral brightness. These auroral observations, in conjunction with THEMIS measurements, are also shown in this paper, and in more detail in the companion paper .
[8] After presenting the observations, we follow the same simulation approach used in Zhou et al. [2011] to reproduce the observed ion distribution patterns at different locations. The theory of ion dynamics and trajectories in the thin current sheet [Büchner and Zelenyi, 1989 ] is then applied to explain the global patterns of ion distribution functions upstream of the front. By making these efforts, we seek to improve our knowledge of interactions between dipolarization fronts and the ambient plasma in the near-Earth magnetotail, and to establish the connection between dipolarization fronts and proton auroral signatures in the ionosphere.
Instrumentation
[9] This study uses data from the following THEMIS instruments: (1) the fluxgate magnetometer (FGM) [Auster et al., 2008] , which provides DC magnetic field measurements; (2) the electrostatic analyzer (ESA) [McFadden et al., 2008] , which provides particle distribution functions in the 5 eV to 25 keV energy range; and (3) the solid state telescope (SST) [Angelopoulos, 2008] , which detects highenergy (25 keV to 1 MeV) particle distributions.
[10] During one of the events studied (19 March 2009 event), three THEMIS probes (P1, P2 and P3) were located in the Earth's shadow with no sun-pulse signal input to keep track of probe spin behavior. Additional calibration procedures had been carried out before these observational data were used.
[11] This study also uses the optical data of 486-nm H-b line emissions to present proton auroral intensities. These data are available via the NORSTAR Meridian Scanning Photometer (MSP) at Fort Smith (FSMI), which sweeps through the meridian sky at two scans per minute. [Sibeck and Angelopoulos, 2008] .
The 18 March 2009 Event
[13] The observed time series of magnetic B x components shows that P4 remained at the central plasma sheet (with B x $ À5 nT), and P5 was located near the plasma sheet boundary layer (B x $ À30 nT, plasma b $ 0.1). Both probes experienced negligible magnetic fluctuations until a sharp B z enhancement of $20 nT was observed at P4 at 07:09:36 UT indicating the arrival of a dipolarization front. The B z enhancement at P5, although less significant in amplitude ($5 nT), was still conspicuous at 0709:42 UT.
[14] Figures 1d-1g show P4 and P5 observations of ion differential energy fluxes as functions of equatorial azimuthal angle and time at two different energy ranges. At 0709 UT, over 30 s before dipolarization front arrival, P4 observed gradual enhancements of ion fluxes at both 5-25 and 30-100 keV energy ranges in the earthward direction (with a minor component in the dawnward direction), which resulted in an increased earthward flow velocity. These signatures are expected in the central plasma sheet upstream of earthward-propagating fronts , where ions previously accelerated by and reflected at the front coexist with the ambient population in a confined region characterized by their gyroradii over background B z field. According to Zhou et al. [2011] , the approximately 30-sec duration of precursor flows ahead of the front corresponds to the size of the DF-reflected ion accessibility region.
[15] The earthward precursor flows also appeared at P5 near the PSBL, with the velocity V x rising to 800 km/s. In fact, the earthward-moving ions started to appear at P5 by 0707 UT, 2 min earlier than at P4, and the ion fluxes remained peaked in the earthward direction until after front arrival. In other words, the accessibility limit of the DFreflected ions in the upstream CPS does not apply here at higher latitudes, with the appearance and dominance of DFreflected ions in an extended region far beyond the limit. Given that the magnetic field was predominantly in the Àx direction near the PSBL, these earthward-moving ions are mostly anti-parallel to the field lines (for ion pitch angle distributions, see Figure 6h of the Ge et al.
[2012] companion paper).
[16] The ionospheric counterpart of these observations, observed by the Fort Smith MSP scanning in the same meridian as P5 at this time, is shown in Figure 1h . The H-b keogram clearly shows a transient ($2 min) intensification and poleward expansion of the proton auroral brightness at $0710 UT in association with the dipolarization front. The enhanced ion precipitations, observed in a latitude-elongated region, are expected to result from the dominance of DFreflected ions moving along magnetic field lines in an extended region upstream of the front. Further details of these observations are given in the Ge et al.
[2012] companion paper.
[17] Note that the ion distribution signatures observed in the 18 March 2009 event were not unique: we have surveyed the THEMIS data and found many events with very similar features, although THEMIS is not necessarily conjugate to the ground-based MSPs in most of the cases. Among these events is the dipolarization front that appeared on the following day (see next section). [19] Figure 2c shows the time series of the observed B z field at all five probes during a 4-min interval. The dipolarization front, identified by sharp B z enhancements, was detected by P2, P1, P4 and P3 consecutively between 0825 and 0826 UT. The propagating velocity of the front, according to the estimation of Runov et al. [2011a] by using the time delays between front arrivals at different probes, is $550 km/s in the earthward direction. The presence of sharp B z enhancements on all four probes also suggest that the front has a width in y of greater than 1 R E . On the other hand, the B z variations were much more gradual at P5, which was located 1 R E south of P4 near the PSBL (plasma b $ 0.3 at 0824 UT).
The 19 March 2009 Event
[20] Figures 2d-2h show the THEMIS five-spacecraft observations of azimuthal ion spectra in the 5-25 keV energy range. Once again the expected upstream signatures described in Zhou et al. [2011] were well observed by P2, P1, P4 and P3 in the CPS: an ion population moving earthward (and slightly dawnward) superimposed on ambient plasma $30 sec before front arrival. Even though P5 did not observe the sharp B z enhancement at higher latitudes, the fluxes of earthward-moving ions started to gradually increase by 0823 UT, about 2 min earlier than at P4. These characteristic signatures are also presented in the SST energy range of 30-100 keV, shown in Figures 2i and 2j.
[21] These observations, together with those of the previous event, suggest that earthward-moving ions reflected by the same dipolarization front could access a much more extended region ahead of the front near the PSBL than near the neutral sheet. In the next sections, we follow the same backward-tracing Liouville approach as described in Zhou et al. [2011] to simulate and reproduce key signatures of ion distributions observed during these events, and to quantify the flux levels of DF-reflected keV ions that can be associated with proton aurora.
Simulations
[22] The simulation approach is based on Liouville's theorem [Birn and Hesse, 1994; Schwartz et al., 1998; Zhou et al., 2009] . Given the initial condition of locationdependent ion distribution functions f(r 0 , v 0 , t 0 ) in the equilibrium tail plasma sheet with no impact from the dipolarization front, the approach takes advantage of test-particle simulations to determine ion distributions f(r, v, t) as functions of time and location, by tracing the ion trajectories backward in time to identify their initial locations r 0 and velocities v 0 at t 0 , with f (r, v, t) = f(r 0 , v 0 , t 0 ).
[23] Despite the limitations of the test-particle simulations on self-consistency, especially in that the computed particle distribution functions cannot be used to provide feedback to the field evolutions, the simple approach has the advantage that one can easily adjust the model to isolate different processes and better reveal the underlying physics. As the first step, here we use the generalized Harris [1962] model, which has been described and applied in Zhou et al. [2011] , as the initial condition of the simulation runs. The model, an equilibrium solution of the Maxwell-Vlasov equations for a two dimensional plasma sheet, self-consistently provides the magnetic field (B x and B z components) and particle distribution functions everywhere within the equilibrium.
[24] To match the THEMIS five-spacecraft observations of the quasi-steady plasma sheet during the 19 March 2009 event well before dipolarization front arrives, the initial equilibrium plasma sheet is centered at z 0 = À0.5 R E , and the following parameters are selected: B n , the magnetic field B z at the center of the plasma sheet, equals 3 nT; V T , the thermal ion velocity within the entire plasma sheet, is 850 km/s; n 0 , the plasma density at (À10, À0.5) R E , is 0.6 cm À3 ; L, the plasma sheet half-thickness at x = À10 R E , is 1 R E ; B 0 , the lobe magnetic field at x = À10 R E , is 45 nT. The configuration of the modeled plasma sheet is given in Figure 3a , which shows spatial distributions of plasma density as well as magnetic field lines. The positions of the five THEMIS probes within the initial equilibrium are also indicated.
[25] In addition to the initial condition, the Liouville simulation also requires that the magnetic and electric fields be prescribed as the front propagates earthward so the ion trajectories can be calculated. Here we assume that the magnetic and electric fields are the same as the fields in the initial equilibrium, except for the superposition of
to model the earthward propagation of a hyperbolic-tangent front at the speed of V f = 550 km/s. Here B f = 20 nT is the B z enhancement associated with the front; L f = 0.1 R E is the characteristic DF half-thickness; and x f 0 = À25 R E is the initial DF location at t = t 0 . The assumption ensures that the magnetic field remains divergence-free, and the electric field is always perpendicular to the magnetic field. Also note that the modeled electric field is built up in accordance with Faraday's law, which would become negligible in the rest frame of the front (given B f ≫ B n in this case).
[26] The simulation, which stops as the front arrives at each probe to avoid taking into account the different plasma population of BBFs behind the front, results in the ion azimuthal angular spectra (in the energy ranges of 5-25 keV and 30-100 keV) shown in Figures 3b-3h . The key features observed by THEMIS probes (shown in Figure 2 ) are well reproduced by the simulation: the earthward-moving ion fluxes enhance first at the probe farthest from the neutral sheet (near the boundary layer), and then near the neutral sheet about 90 s later, still 20-30 seconds prior to the front arrival.
[27] Differences in appearance time of earthward-moving ions at different locations are expected to be caused by the distinct trajectories along which these ions would follow in [Tsyganenko, 1995] . (c) Time series of GSM B z at five probes. Differential energy fluxes of (d-h) 5-25 keV ions at five THEMIS probes, and of (i and j) 30-100 keV ions at P4 and P5, versus azimuthal angle in the same format as in Figures 1d-1g . Note that the spectra have been recalibrated to ensure that the 0 and 90 angles correspond to the earthward and duskward directions, respectively. the upstream plasma sheet after being reflected by the front. Figure 4 shows two examples of ion trajectories obtained in the simulation. These ions are selected to have the same velocity (1380 km/s earthward and 20 km/s dawnward, denoted as the black stars in Figures 3d and 3f) when one of them (ion A) reaches P4 at t = t 0 + 138 s and the other (ion B) reaches P5 at t = t 0 + 73 s. Obviously both ions belong to the superimposed earthward-moving population that appears well ahead of the front, but they are otherwise not special.
[28] The trajectory of ion A, which eventually reaches P4 in the central plasma sheet, is shown in Figure 4a . The ion remains in the unperturbed plasma sheet upstream of the front with constant energy, until t = t 0 + 123 s when it encounters the approaching front and starts to gyrate around the enhanced B z field in the duskward direction. The gyrating motion lasts a few seconds, during which the ion finishes a half-gyro cycle, and the ion kinetic energy increases by $5 keV due to the presence of the DF-associated dawn-dusk electric field (2). The accelerated ion is then reflected back to the region ahead of the front, before being captured by P4 in approximately 10 s.
[29] As expected, the ion trajectory is very similar to the sample ion trajectory shown in Zhou et al. [2011] (see their Figure 3 ). Also note that the DF-reflected ion, even if not captured by P4, would not go much farther earthward within the CPS, as evidenced by the absence of ion flux enhancements 10 s earlier at t = t 0 + 128 s (see the simulation results shown in Figure 3d ). As discussed in Zhou et al. [2011] , the ion accessibility limit within the CPS is caused by the finite B z field (and therefore the finite ion gyroradius over B z ) ahead of the front.
[30] Figure 4b suggests the trajectory of ion B, which eventually reaches P5 at higher latitudes. The ion encounters the front at t = t 0 + 14 s, and then returns to the upstream region a few seconds later with energy enhancements of about 5 keV. In the next 55 s, the ion keeps moving earthward regardless of the nominal accessibility limit, until being captured by P5 at higher latitudes 7 R E ahead of the front.
[31] A straight-forward explanation for the invalidation of the nominal ion accessibility limit near the PSBL is the dominance of B x over B z ; the earthward moving ions would likely stream along field lines rather than gyrating around B z in the xy plane. Detailed interpretations of these results, however, require the systematic theory of ion motion in the unperturbed current sheet [Büchner and Zelenyi, 1989] . In the next section, that theory is briefly reviewed and then applied to the ion trajectories in the quasi-steady upstream region after their reflection, so that one can better understand the observed and simulated ion distribution patterns at different locations ahead of the front.
Interpretations
[32] The theory of Büchner and Zelenyi [1989] deals with particle trajectories in the magnetotail where the minimum radius of curvature of magnetic field lines R c is smaller than the neutral sheet ion gyroradius R L . In the equilibrium plasma sheet model adopted here, R c equals 0.067 R E at x = À10 R E , and the gyroradius of a 10 keV proton is 0.76 R E , which well satisfies the R c < R L condition and therefore invalidates the conventional guiding center approximation as well as traditional adiabatic invariants. The theory, developed based on pioneering works [e.g., Speiser, 1965; Sonnerup, 1971; Chen and Palmadesso, 1986] on particle dynamics in the current sheet, suggests that particle trajectories are characterized by the superposition of fast oscillations in the z direction and slow motion mostly in the xy plane.
[33] On a fast z-oscillating timescale, an ion could either meander across or avoid the neutral sheet. These two different regimes of fast motion could be converted into each other during the slower xy-motion of the particle. The slow xymotion, with fast oscillations decoupled, is visualized as dashed lines in Figure 5a by means of a {x, V x } phase diagram. Here V x is normalized by the ion total velocity V t , and x is normalized by the characteristic ion gyroradius r = m i V t /eB n . The vertical axis (V* x = V x /V t ) could be treated as y* = y/r as well, if B n , the magnetic field B z component, is constant within the entire current sheet.
[34] According to Büchner and Zelenyi [1989] , ions located inside the solid ellipse (x* 2 + V* x 2 = 1) would meander across the neutral sheet within the fast-motion timescale; those to the right would oscillate in the noncrossing regime. Therefore, ions in the shaded area of Figure 5a would remain in the meandering regime during their entire slow-motion cycle. This kind of ion trajectories, characterized by slow circular xy-motions and fast z-oscillations periodically traversing the neutral sheet, was named by Büchner and Zelenyi [1989] the ring-type trajectories.
[35] On the other hand, it could be seen that ions outside the shaded area would traverse the elliptical separatrix twice within each slow-motion cycle. In other words, ions initially meandering across the neutral sheet could be ejected into either hemisphere with positive V x at the separatrix. These ions would move toward higher latitudes with decreasing velocities in the earthward direction, until reaching the turning point with greatest x and |z À z 0 | values. After that, they would be mirrored back and eventually return to the meandering regime inside the ellipse. Büchner and Zelenyi [1989] called this the cucumber-type trajectory.
[36] One of the inherent properties of the ion motion diagram shown in Figure 5a is that ions on the right side of the diagram (with significant x values) would have great |z À z 0 | values (the distances to the neutral sheet) as well [see Zelenyi et al., 2011, Figure 5] . Therefore, the earthward-moving ions observed near the neutral sheet and near the PSBL would appear in the diagram's top left and top right corners (the blue and the magenta regions in Figure 5a ), respectively.
[37] With the pictures of ion motion in the unperturbed current sheet in mind, we consider the effect of an earthwardpropagating dipolarization front as the source of accelerated ions reflected and injected into the upstream current sheet (where the Büchner and Zelenyi [1989] theory applies). By definition, these ions should have greater V x than the front propagating speed V f when they depart from the dipolarization front. In other words, the new population of accelerated and reflected ions would appear in Figure 5a at the phase space above the dash-dotted line V x = V f , and they start to follow the dashed lines in the upstream region of the front.
[38] These ions, after reflected from the front and injected into the upstream current sheet, could not have traveled a large distance in x before entering the blue region, which agrees with the limited accessibility region ahead of the front in the central plasma sheet. These ions could remain in the CPS only if they turn dawnward and quickly decelerate in V x (following the dashed lines pointing toward negative V x and negative y), which could explain the CPS observations (see Figures 2d-2g , or see Figure 4d of Zhou et al. [2011] ) and simulations (Figures 3b-3e ) that initial enhancements of ion fluxes near the neutral sheet ahead of the front are typically in the dawnward direction. On the other hand, ions with most significant V* x values in the blue region would follow the uppermost dashed lines and continue moving in the earthward direction, albeit at higher latitudes, and eventually reach the magenta region.
[39] The theoretical explanations could be compared directly with the ion trajectory samples shown in Figure 4 , which are also presented here in the format of x versus V x diagram in Figure 5b . The colored lines represent the ion kinetic energy along their trajectories: the portions with varying colors correspond to intervals when the ions are located at or behind the front experiencing enhanced B z and E y fields; those with constant colors (either blue or red) correspond to intervals when the ions stay in the upstream unperturbed plasma sheet where the Büchner and Zelenyi [1989] theory applies. It can be seen that the trajectories of ions A and B end at the same GSM x locations with the same V x . However, as discussed previously, these two end points have different z values, and therefore correspond to the blue and the magenta regions in Figure 5a , respectively.
[40] Comparisons between Figures 5a and 5b clearly show that ion A initially follows a cucumber-type trajectory with constant energy in the upstream plasma sheet between x = À14 and x = À10 R E . After encountering the front, the ion is quickly energized until its kinetic energy reaches 10 keV as it returns to the upstream region. During this interval, its V x value changes from $À100 km/s to $1200 km/s. Given the DF propagating speed V f of 550 km/s, the ion reflection is found to be approximately elastic in the rest frame of the front, with approximately the same |V x À V f | ($650 km/s) before and after the ion's DF-encounter due to the negligible electric field in the DF rest frame. After being reflected back to the upstream plasma sheet, the ion soon enters the blue region of Figure 5a , with V x significantly greater than V f , and is captured by P4 in approximately 10 sec.
[41] Ion B also experiences elastic reflection after encountering the front, and it again appears well above the V x = V f line in the blue region when it returns to the upstream region. The dominance of V x ($1300 km/s) over other velocity components (given the total speed V t of 1380 km/s) suggests a V* x value of nearly unity, and the ion would therefore follow the uppermost dashed lines of Figure 5a toward the magenta region. This is indeed the case, as we can see in Figure 5b that the ion continues moving in the earthward direction until captured by P5. In fact, V x -dominated ions could stream almost unrestrictedly along field lines toward the Earth, eventually producing proton auroral intensifications in the ionosphere.
Discussions
[42] Our model allows us to estimate the integrated energy fluxes of precipitating ions associated with earthwardpropagating dipolarization fronts. After reflection, an ion must appear at the very top portion of Figure 5a with V x significantly greater than V y and V z components so that it can travel all the way to the Earth and precipitate in the ionosphere. Here we carry out the simulation using the same parameters adopted in section 5 and integrate the simulated earthward ion differential energy fluxes over energy, in the range of 1 keV and above to contribute to the proton aurora production [e.g., Lummerzheim and Galand, 2001] . The resulting integrated energy fluxes are calculated to be approximately 0.8 mW/m 2 ahead of front arrivals.
[43] According to the simulation, the integrated energy fluxes of precipitating ions are linearly correlated with the neutral sheet plasma density n 0 in the upstream equilibrium (not shown). Given a fixed n 0 of 0.6 cm À3 , the simulated energy fluxes also depend significantly on the ion thermal velocity V T in the unperturbed plasma sheet and on the DF propagating speed V f , as shown in Figure 6 .
[44] It can be seen in Figure 6 that earthward-propagating fronts can produce precipitating ions with the typical integrated energy fluxes of 0.2-1 mW/m 2 . The simulated ion precipitation becomes stronger with increasing speed of earthward-propagating DFs and with warmer ions in the unperturbed plasma sheet before front arrival. These values could be compared with the ionospheric observations of proton auroral intensities (see the companion paper by Ge et al. [2012] ). Therefore, proton auroral imaging in the ionosphere, provided at high enough temporal resolution, may have the capability of tracing dipolarization front evolutions in the magnetotail plasma sheet.
Summary
[45] An interesting feature observed prior to arrival of earthward-propagating dipolarization fronts is enhancement of ion fluxes in the earthward direction, which leads to the appearance of precursor earthward plasma flows. In the study of these precursor flows, Zhou et al. [2010 Zhou et al. [ , 2011 have found them to be caused by the emergence of earthward-moving ions that have been accelerated by and reflected at the approaching front.
[46] It has been suggested that the DF-reflected ion population could only access a restricted region ahead of the front in the central plasma sheet. This scenario agrees with observed precursor flow durations (typically $30 sec). Farther away from the neutral sheet, near the plasma sheet boundary layer, Figure 6 . The simulation results of integrated energy fluxes of precipitating ions, as functions of (a) ion thermal velocity V T in the unperturbed plasma sheet, with a fixed DF propagating speed of V f = 550 km/s, and (b) DF propagating speed V f , with a fixed V T of 850 km/s. All the other parameters (n 0 = 0.6 cm À3 , B n = 3 nT, L = 1 R E , B 0 = 45 nT, B f = 20 nT, and L f = 0.1 R E ) are the same as those described in section 5.
however, DF-reflected ions are observed to appear even earlier (by a few minutes), which suggests an x-extended region with enhanced ion fluxes in the earthward direction. Ground-based photometers have observed the ionospheric counterpart of these observations, transient intensifications of proton auroral brightness in a latitude-elongated region.
[47] Test-particle simulations using Liouville's theorem reproduce the aforementioned ion distribution patterns observed at different locations. These signatures can also be understood in the context of the Büchner and Zelenyi [1989] theory of ion behavior in the plasma sheet, with the earthward-propagating front acting as the source of accelerated ions (with low ÀV x cutoffs) injected into the upstream plasma sheet. We further propose that these DF-reflected ions near the PSBL, as they are energized to several or a few tens of keV, can stream along magnetic field lines and eventually generate proton aurora, a direct consequence of magnetotail activities in the ionosphere.
[48] It should be pointed out that the presence of earthward-moving ions in the plasma sheet boundary layer is a frequently observed phenomenon not necessarily associated with dipolarization fronts [e.g., Decoster and Frank, 1979; Eastman et al., 1984; Grigorenko et al., 2009] . The typical crescent-shaped appearance of these ions in the velocity space [Decoster and Frank, 1979; Angelopoulos et al., 1989] has been suggested to result from ion acceleration processes in the central plasma sheet, either caused by magnetic reconnection [Onsager et al., 1991; Hoshino et al., 1998] or by nonadiabatic particle orbits [Ashour-Abdalla et al., 1993; Grigorenko et al., 2009] . The ion DF-reflection process discussed in our study could be just another mechanism that contributes to the appearance of earthward-moving ions in the plasma sheet boundary layer, especially in the presence of earthward-propagating dipolarization fronts. We made no attempt here to exclude possibilities that other processes also play a role, as discussions of this topic are beyond the scope of this paper. More systematic investigations and further discussions are to be made in a separate study .
